pattern processing rather than 3-D processing of shapes (Liu et al 2000) . The strongest evidence that abnormal shading patterns disrupt recognition comes from work with unpigmented 3-D models of faces. With images from such models, matching performance is about 10% better with positive contrast when the head model is lit from above, but is actually better with negative contrast when the lighting is from below (Liu et al 1999) . When lighting was at 08 elevation (front lighting) performance was about equal with positive and negative contrast, suggesting that shading cues are minimized or eliminated by this kind of lighting. However, with normally pigmented faces, performance is significantly better in positive contrast with either top or front lighting (Johnston et al 1992) . This suggests that disruption in shading is only a partial explanation why faces are difficult to recognize in negative.
It has been suggested that negation disrupts the use of two other cues:`second-order relations' [the distances between facial features (Diamond and Carey 1986) , sometimes called`configuration']; and pigmentation. Second-order relations are widely believed to play a key role in the perceptual representation of faces. Deficits in recognition performance with vertically inverted faces have been attributed to impaired extraction of second-order relations in such stimuli (Freire et al 2000; Leder and Bruce 2000; Leder et al 2001; LeGrand et al 2001) . Several authors have raised the possibility that the perception of second-order relations may be impaired also for negated faces (Hole et al 1999; Kemp et al 1990; Lewis and Johnston 1997; White 2001) . Second-order relations are a subset of the larger class of shape cues that can be used to differentiate faces. We can ask whether shape cues more generally are disrupted by negation. If shape cues are not disrupted by negation, it follows that the subordinate class of second-order relations is not disrupted by negation.
It has also been proposed that the processing of another cueö`pigmentation'öis disrupted by negation. We extend the meaning of pigmentation in the current article to refer to all surface reflectance properties. Most prominent among these reflectance properties are albedo (the proportion of light of all wavelengths reflected by the surface, affecting how light or dark the surface appears) and hue (differential reflectance of particular wavelengths of light results in the surface appearing to have a particular hue, such as red or blue). However, there are also many other properties of surface reflectance, such as texture (spatial variation in how light is reflected), specularity, and translucence (the two latter are functions of the way light is scattered by the surface). Shading cues, discussed above, do not fit cleanly into the proposed distinction between shape and pigmentation. For pragmatic purposes in the current study, we will minimize shading cues and include them with shape cues in one experiment and with pigmentation cues in another. For the sake of brevity, surface reflectance properties have elsewhere been referred to as`color' or`texture'. Unfortunately these terms also have colloquial meanings that refer to subsets of surface reflectance properties (hue and spatial variation in reflectance, respectively). Thus we use the word`pigmentation' for the sake of both brevity and clarity.
The evidence that the use of pigmentation is disrupted by negation derives from studies on uniformly pigmented 3-D face stimuli (Bruce and Langton 1994; Liu et al 1999) . These images are of models with the 3-D shape of a particular face (as derived from laser scans) that reflect light uniformly from all points on the surface. Normal faces reflect light differently at different points across the face. The disruption in recognition performance caused by negation of these images of uniformly pigmented head models is much smaller than that caused by negation of normally pigmented faces. This difference has been interpreted as evidence that the perception of pigmentation cues to identity is what is normally disrupted by negation. However, it is also possible that there is no effect of negation with the uniformly pigmented faces because they are processed by the visual system in a fundamentally different way than normal faces.
In particular, it has been proposed that the pattern of dark areas (corresponding to the eyes and lips) surrounded by lighter areas that is common to faces under normal lighting conditions underlies the process of face detection (Sinha 2002; Watt 1994) . If this pattern of luminance is necessary for activating normal face processing, images without this pattern, such as images produced from the uniformly pigmented face models, may not receive the same processing as normal faces. For this reason, it would be desirable to determine whether pigmentation cues of faces with normal, face-like patterns of pigmentation are disrupted by negation.
For the present study we sought to determine whether shape (including second-order relations) or pigmentation is disrupted by negation. Our strategy was to create sets of faces that differed from one another in terms of only their shape or only their pigmentation, respectively the`shape' and`pigmentation' sets. However, unlike unpigmented face stimuli, the faces in both of these sets look like normal faces, with face-like shape and pigmentation. Subjects performed a delayed match-to-sample, two-alternative forced-choice task, in which they had to distinguish between two faces from either the shape or pigmentation set. In this way we controlled which cues were available for distinguishing the two faces. By comparing performance with shape and pigmentation cues in recognizing faces in positive or negative contrast, we could determine whether either or both cues are disrupted by negation. If the use of shape is disrupted by negation, performance with the shape set should have been significantly worse with negated faces than with positive faces. If the use of pigmentation is disrupted by negation, performance with the pigmentation set should have been significantly worse with negated faces than with positive faces.
Methods
We conducted two experiments that differed only in terms of the stimuli and the presentation timing. Both experiments employed full color stimuli. In the first experiment, we used artificially generated faces for which shape and pigmentation could be manipulated independently. To test whether the results of the first experiment generalize to real-world facial images, in the second experiment we used manipulated photographs of actual faces instead of artificial stimuli. These stimuli retained potentially relevant pigmentation cues such as specularity and translucence that are lost in 3-D models such as laser-scanned images or the artificial stimuli used in the first experiment. The stimuli in the two experiments differed in how shape and pigmentation were defined. For the artificial stimuli of the first experiment, shape was defined as the location of the face surface in 3-D, and pigmentation was defined as the way in which light reflected off the face surface. For the photographic stimuli of the second experiment, shape was defined as the locations of face contours in the 2-D image space, and pigmentation was defined as the pixel values at different locations of the image. A consequence of the different definitions of shape and pigmentation in the two experiments is that in experiment 1, faces in the shape set differ in shading, while in experiment 2, the pigmentation set contains the differences in shading. If the shading cues play a large role, we will expect different relative performances in the two experiments. However, we selected the illumination of the faces in both experiments to minimize shading differences between the faces (described below).
Subjects
A total of twenty-eight subjects participated in this study; fourteen in experiment 1 and fourteen in experiment 2. All were contacted through the MIT Brain and Cognitive Sciences subject pool, were naive to the purpose of the study, and had normal or corrected-to-normal vision.
Experimental design
In both experiments we used the same delayed match-to-sample, two-alternative forcedchoice task, with the same experimental design (figure 1). In each trial of this task, the observer saw a fixation dot followed by a sample face, then a visual noise mask, then a blank screen. Next, two faces were presented side by side in the center of the screen. One of the two faces, the sample, had been presented just previously, and the other was a distractor face that differed from the target in shape only (shape condition), in pigmentation only (pigmentation condition), or in both shape and pigmentation (shape pigmentation condition). The task was to decide which of the two faces matched the sample, and to press the corresponding key as quickly as possible. Trials from the different conditions were intermixed, and the left^right ordering of target and distractor was counterbalanced. There were eight male and eight female faces in each condition. All the faces in a trial were presented in positive contrast or in negative contrast. Each of the eight faces was paired with every other face of its same sex for each condition, resulting in 28 (pairs)62 (sex)63 (condition)62 (contrast)62 (left^right counterbalance) 672 trials per observer. Stimuli were presented in Matlab (MathWorks) with the psychophysics toolbox extensions (Brainard 1997; Pelli 1997 ).
Experiment 1: Stimuli and presentation
Stimuli for the first experiment were produced with FaceGen Modeller 3.0 (Singular Inversions) software that creates 3-D models of artificial faces, with separate representations for shape and for pigmentation (referred to as`texture' by the software). To make the faces appear as naturalistic as possible, we used`photofits', in which frontal and profile photographs of actual faces determined the shape and pigmentation settings of the models. The photofit system is proprietary, and thus we do not know exactly how the 2-D photographic images were used to create separate pigmentation and 3-D shape. However, these details are irrelevant for the present purposes; the important point is that face representations could be created that varied in terms of both their 3-D shape and texture (pigmentation) models, and that these separate models could subsequently be altered independently. Photofits of eight male and eight female faces were created. The people on whom the photofits were based ranged in age from 18 to 25 years, with a mean age of 21 years. Because it would be less surprising if pigmentation were used to distinguish among faces of different races, On each trial, subjects viewed a face, followed by a visual noise mask, then a delay. Two faces were then presented; one face (the target) was the identical image as the sample, and the other face (the distractor) was drawn from the same category of faces. For example, if the face in the upper left of figure 2 was the target, the face to the right could be the distractor, but not one of the faces below. In this way, the information distinguishing the target and distractor faces defined the condition: shape only, pigmentation only, and shape pigmentation.
all the faces were of the same race (Caucasian). The models generated directly from the photofits differed from one another in terms of both their shape and their pigmentation, and so they formed the stimuli for the shape pigmentation condition. To create the stimuli for the pigmentation condition, the shape models for each of the photofit heads were given the same settings (the software's 20-year-old male or female Caucasian average), producing a set of faces each with distinct pigmentation, but the same (average) shape. To create the stimuli for the shape condition, the texture models for each of the photofit heads were given the same settings (the software's 20-year-old male or female Caucasian average), producing a set of faces, each with distinct shape, but the same (average) pigmentation. The models were rendered with a single light source at 08, with the lighting source set to 60% with 40% ambient brightness. These lighting conditions were selected to minimize effects of shading cues, and were applied consistently in order to eliminate effects of varied lighting direction (Braje et al 1998; Moses et al 1994) . A 7/8 viewpoint was selected to make both shape and pigmentation cues readily apparent. Examples of the stimuli can be seen in figure 2. Presentation times for experiment 1 were: probe 294 ms, mask 200 ms, delay 1000 ms, target and distractor 447 ms. These times were selected to elicit accuracy levels of approximately 75%, in the center of the range between chance and perfect performance.
Experiment 2: Stimuli and presentation
We took frontal photographs of eight male and eight female Caucasian faces, ranging in age from 18 to 25 years, with a mean age of 20 years. Large, diffuse lighting centered at 08 elevation was used to eliminate cast shadows and to minimize the effects of shading cues. The heads of the models were placed in the same location relative to the lighting sources and the rest of the room, to ensure equivalent lighting the faces. These photographs were then manipulated with Morph Man 3.0 (Stoik Imaging).
For each sex, the eight original faces were morphed together to produce an average face. We created the stimuli for the shape condition by warping (moving pixels in the image plane without averaging pixel values, as done in morphing) this average face shape pigmentation shape pigmentation Figure 2 . Examples of artificial stimuli. The shape-condition faces along the top rows of each set have the same pigmentation as one another and are distinguishable only by shape. The pigmentationcondition faces along the middle rows have the same shape and are distinguishable only by pigmentation. The shape pigmentation faces along the bottom rows, like normal faces, are distinguishable by both shape and pigmentation. In both sets, the left two columns show faces with positive contrast, and the right two columns show the same faces with negative contrast. A color version of this figure can be viewed on the Perception website at http://www.perceptionweb.com/misc/p5490/.
into the shape of each of the original eight faces, producing eight new faces, each with the same (average) pigmentation, but with distinct shape. Similarly, we created the stimuli for the pigmentation condition by warping each of the eight original faces into the shape of the average face, which produced eight faces, each with the same (average) shape, but with distinct pigmentation. The original photographs of the eight faces of each sex, differing from one another in terms of both shape and pigmentation, formed the stimuli for the shape pigmentation condition (see figure 3) . Presentation times for experiment 2 were: probe 212 ms, mask 200 ms, delay 1000 ms, target and distractor 353 ms. The probe and target were presented more briefly in experiment 2 than in experiment 1 in order to maintain accuracy levels around 75%.
Results

Experiment 1
The first experiment used artificial stimuli (figure 2 and section 2.3). We recorded observers' performance on a delayed match-to-sample, two-alternative forced-choice task (figure 1 and section 2.2). Figure 4 shows that negation impaired performance (producing higher error rates) in the pigmentation and shape pigmentation conditions, but not the shape condition. That is, when only shape cues were available for the discrimination of the faces, performance was not significantly worse with negated faces than positive faces. There was a main effect of condition (F 2 26 14X1, p 5 0X001), with the best performance when both shape and pigmentation cues were available. There was also a main effect of contrast (F 1 13 62X2, p 5 0X001), with performance worse on negative than positive faces, consistent with all other studies on the effect of negation. Almost all this cost of negation was on pigmentation cues, producing a significant interaction between condition and contrast (F 2 16 3X7, p 5 0X05). A posteriori comparisons of performance on positive and negative contrast faces within each condition showed significant differences ( p 5 0X05, Bonferroni corrected) between the positive and negative versions only for the two conditions with pigmentation cues (pigmentation and shape pigmentation), but not for the shape condition. These were not floor or ceiling effects in that the shape condition, which showed no effect of negation, was midway between the pigmentation and shape pigmentation conditions. 
Experiment 2
Because the artificial stimuli in experiment 1 were not entirely naturalistic in appearance, the second experiment used stimuli created from photographs of actual faces (figure 3 and section 2.4) to assess whether the results of experiment 1 do indeed generalize to more naturalistic face images. The same task and experimental design were used as in experiment 1 (figure 2 and section 2.2). The pattern of results from experiment 2 was the same as that from the first experiment (figure 5). There were main effects of condition (F 2 26 25X1, p 5 0X001), with performance best in the shape pigmentation condition; and of contrast (F 1 13 30X5, p 5 0X001), with performance better on positive than negative faces. There was also a significant interaction between condition and contrast (F 5X0, p 5 0X05), and a posteriori comparisons of performance on positive and negative contrast faces within each condition showed significant differences ( p 5 0X05, Bonferroni corrected) between positive and negative conditions only for the two conditions with pigmentation cues (pigmentation and shape pigmentation), but not for the shape condition.
Data from a more naturalistic set of photographic stimuli thus provide further evidence that faces are difficult to recognize in contrast negative because pigmentation cues are rendered unusable. An alternative hypothesis, that perception of second-order relations is disrupted by negation, was not supported. 
Discussion
Why is it difficult to recognize faces in photographic negative? In two experiments, face recognition was significantly disrupted by negation when pigmentation cues provided the discriminable information, but when only shape cues were discriminable, negation had no significant effect. These results are consistent with the notion that negation disrupts our ability to use pigmentation cues. Because negation severely disrupts our ability to recognize faces, an implication of this finding is that pigmentation is one of the main components of the representation of face identity. Our results are consistent with those from other studies finding a role for pigmentation in face recognition (Bruce and Langton 1994; O'Toole et al 1999) , as well as facial sex classification (Hill et al 1995; Tarr et al 2001) and attractiveness (Jones et al 2004; Russell 2003) . Additional work from our labs suggests that the patterns of pigmentation around the eye regions play a particularly important role in judgments of identity (Sinha and Gilad 2004) .
The findings also provide evidence against an alternative hypothesis why negation impairs recognition performance: that the perception of second-order relations of features is disrupted by negation. In each of the two experiments, there was no significant effect of negation when only shape cues were available. Discontinuous contours, such as line drawings and high-pass filtered images, are not disrupted by negation (Hayes et al 1986) . Only the faces in the shape condition differed in terms of discontinuous contours, and it is possible that subjects adopted a strategy in the shape condition of focusing only on discontinuous contours, for example the outline of the face. Two lines of evidence argue against this possibility. First, in our experiments we used randomized rather than blocked presentation, such that subjects could not anticipate which cues would be useful for subsequent matching. Second, while there are readily distinguishable differences in the discontinuous contours of the photographic stimuli of experiment 2, there are not such readily distinguishable differences among the artificial faces of experiment 1 (compare figures 2 and 3).
This finding that the perception of shape cues, including second-order relations of features, is not disrupted by negation is somewhat at odds with two previous studies. Kemp et al (1990) found that, when viewing negative images, subjects were less sensitive to changes to the distances between features, which would suggest that negation disrupts second-order relations. However, the stimuli for those experiments consisted of two-tone (black or white) images of a single face. In a subsequent study, Liu and Chaudhuri (1997) found that performance on an old^new task (without manipulation of distances between features) was more impaired by negation with two-tone than continuous tone images. This suggests that the Kemp et al (1990) finding may have been an artifact of the stimulus type rather than the manipulation of second-order relations. Lewis and Johnston (1997) reported that, with faces presented in negative contrast, subjects were slower at determining whether a pair of faces differed in terms of being`thatcherised' or not. This finding was interpreted as evidence that negation disrupts the perception of second-order relations (`configuration' in their terminology). Given that thatcherisation does not change the second-order relations of a face, it is not clear why the slower performance with negated faces should be interpreted in this way. We believe that the present findings constitute a more direct test of the hypothesis that shape (including second-order relations) is disrupted by negation.
Because negation is so detrimental to recognition performance, the observation that negation specifically disrupts pigmentation cues implies that pigmentation is an important component of identity for normal recognition (ie with positive contrast). However, negation is not the sole litmus test of importance for recognition, and so the results do not imply that shape is not also an important component of identity for normal recognition. In addition to evidence from many other studies, two findings from the present investigation suggest that shape is indeed important. The first is that performance with positive contrast in the shape condition was well above chance, which indicates that shape alone can be used to recognize faces. The second is that performance with negative contrast in the shape pigmentation condition was also well above chance, illustrating that faces can still be recognized after negation. Indeed, performance with negative contrast in the shape pigmentation condition was almost the same as performance with positive contrast in the shape condition, consistent with the idea that negation selectively disrupted pigmentation cues, leaving shape cues unaffected.
We have used a task that involved the matching of unfamiliar faces, and so we cannot be certain that these results would generalize to recognition memory for familiar faces. However, several reasons suggest that such generalization is likely. In many studies of face recognition, including a majority of those cited here, use has been made of face matching rather than familiar recognition tasks, and most problems associated with familiar recognition, such as inversion and negation, are also found with face matching, suggesting important commonalities between matching and recognition. Our task also had a memory componentösubjects performed the matching task after viewing a visual noise mask and more than a second of delay öindicat-ing that perceptual comparison alone was not sufficient for performance. In any case, matching unfamiliar faces is an important task worth investigating in its own right (Hancock et al 2000) , for its application to eyewitness testimony and for the construction of automatic systems of face recognition.
How specific are these findings to faces? Negation has been found not to disrupt subordinate-level recognition of at least one class of objectöchairs (Subramaniam and Biederman 1997) , and of artificial`blobs' [asymmetrical harmonics of a sphere with smooth surfaces (Nederhouser et al 2003) ]. Material perception, however, is disrupted by negation (Fleming et al 2001 (Fleming et al , 2004 . In the negated images of figure 6 , as an example, we can see what kinds of objects are represented, but it is very difficult to recognize the materials of which they are composed. This difference in susceptibility to negation is likely due to the different kinds of information available for recognition of objects and materials. There is agreement that shape is the primary cue for recognition of non-face objectsögenerally referred to with`count nouns', such as horse, house, and hammeröand that pigmentation usually plays a secondary role (Biederman and Ju 1988; Tanaka et al 2001) . In contrast, materialsöcommonly referred to with mass nouns', such as wax, wood, and water öare recognized almost entirely on the basis of their pigmentation (surface reflectance properties) (Biederman 1987) . This bolsters the argument that negation disrupts the use of pigmentation cues, and suggests that the phenomenon may not be specific to faces, but rather a general property of recognition. Figure 6 . Two negative-contrast images. It is readily apparent that both images depict statues of horses. However, it is much more difficult to determine that the statue on the left is constructed of bronze, and the statue on the right is of wood. In positive contrast, recognizing these materials is easy.
Although face recognition is typically compared with object recognition, these findings suggest that another fruitful comparison would be to material perception, which also depends critically on surface reflectance properties.
For humans, the task of recognizing faces is both difficult and extremely important. It would not make sense for our recognition system to throw away useful information. We have presented evidence from contrast negation that pigmentation is an important part of face identity. This finding cautions against the use of stimuli for recognition experiments that do not retain pigmentation cues, and is not consistent with models of face recognition that throw away pigmentation cues to rely entirely on facial-metric cues such as the shape, size, or distance between features.
